h a r a c t e r i s t i c s o f e l e c t r i c motors a r e the s t a r t i n g t o r a t e d c u r r e n t and torque r a t i o s . d i f f e r e n t f o r t h e v a r i o u s dc motor types. These r a t i o s are d i c t a t e d by t h e s i z e o f t h e s o l a r c e l l a r r a y and a r e The paper deals w i t h the c a l c u l a t i o n of t h e s t a r t i n g t o r a t e d c u r r e n t r a t i o and s t a r t i n g t o r a t e d torque r a t i o of
INTRODUCTION
Direct current (dc) motors are used in photovoltaic (PV) drive systems (Refs. 1 to 6), for example, in cooling application where the motors drive reciprocating vapor compressors, and in water-pumping systems for irrigation or water supply where motors drive positive displacement or centrifugal pumps. In a direct coupled (with no battery storage) PV system, the solar cell array is directly connected to the motor-load couple.
relatively simple and inexpensive to operate. A direct coupled system may include a maximum power point tracker (MPPT) to improve its performance whenever it is needed (Ref. 7 ) . In PV drive systems, such as in water pumping systems, the static head may be relatively high causing the motor-load to stay in standstill posit on until sufficient torque is developed at relatively high insolation. By inc uding an MPPT in the system, the starting torque may increase significan ly at lower insolation levels resulting in desired system performance.
These systems are
The starting to rated current ratio and the starting to rated torque ratio are two important characteristics of a dc motor. types these ratios are different, and since these motors may be used in different applications in PV systems, the starting current and torque ratios are characteristics for the PV system designer to calculate.
with the calculation of the starting current and torque ratios for the permanent magnet; separately, series and shunt excited dc motor for two cases: ( 1 ) when an MPPT is not included in the system and ( 2 ) when an MPPT is included in the system. Current and torque magnification factors are then defined by comparing these two cases for various types of the dc motors. The analysis of this study may assist the PV system designer to determine whether or not to include an MPPT in the design for a specific motor type. The motor
For various dc motor
The paper deals
torque is related t o the motor current, while a high motor starting torque is usually a desirable characteristic, a high motor starting current is undesirable. motor starting torque accompanied with an allowable magnification of the motor starting current in a system including an MPPT. 
It is t o the advantage t o obtain
system's o p e r a t i n g p o i n t IM, VM i s determined by t h e i n t e r s e c t i o n o f t h e c h a r a c t e r i s t i c s o f t h e s o l a r c e l l a r r a y w i t h the I -V c h a r a c t e r i s t i c of the motor (Eq. ( 1 ) ) as shown i n F i g . 2. The slope o f t h e motor c h a r a c t e r i s t i c i s 8 = t a n -l l / R , and since t h e r e s i s t a n c e o f the armature c i r c u i t i s low, the slope 8 i s l a r g e . A t t h e i n s t a n t o f motor s t a r t i n g n = 0, t h e r e f o r e E = 0.
The motor c h a r a c t e r i s t i c i s thus represented by a s t r a i g h t l i n e w l t h a slope of t a n -l 1 / R The s t a r t i n g c u r r e n t i s approximately the s h o r t c i r c u i t c u r r e n t o f t h e a r r a y , i . e . , passing through the o r i g i n as shown i n F i g . 2 .
s t I s c ( 3 ) MOTOR STARTING CURRENT AND TORQUE RATIOS WITHOUT AN MPPT I N THE SYSTEM Permanent Magnet Motor
The motor s t a r t i n g c u r r e n t i s :
The starting current ratio i s :
ISt I , ,
i.e., this ratio (Eq. (12)) is 1.2.
The motor starting torque ratio is given by Eqs. (4) and (15) 
Series Excited Motor
The motor starting current and starting current ratio are:
and -Ist = -Is,
In IM
The starting current ratio (Eq. (12)) is 1.2.
The motor starting torque ratio is given by Eqs. ( 5 ) and (16):
This ratio (Eq. (12)) is 1.44.
Shunt Excited Motor
We shall first calculate the rated armature current and torque. maximum power point, the rated armature current according to Eq. 
A t s t a r t i n g ( E = 01, t h e motor i s r e p r e s e n t e d by two r e s i s t o r s connected i n p a r a l l e l : t h e armature Ra and f i e l d Rsh r e s i s t o r s , i . e . , RaIIRsh. The motor t e r m i n a l c u r r e n t i s 1 , Is,, t h e r e f o r e , t h e armature c u r r e n t a t s t a r t i n g i s :
n.
Ra II s h I a , s t = Is, R, Since i . e . , 1.2.
RaIIRsh zz Ra, t h e s t a r t i n g t o r a t e d c u r r e n t r a t i o i s about I s c / I~, The f i e l d c u r r e n t a t s t a r t i n g i s :
The shunt motor s t a r t i n g t o r q u e , a c c o r d i n g t o Eq. (8) becomes:
and t h e motor s t a r t i n g t o r q u e r a t i o (Eqs. (20) and (23)) i s :
(23)
Equation (24) can be approximated by IM >> If and Rsh >> R, r e s u l t i n g i n :
---
T h i s r a t i o , a c c o r d i n g t o Eq. (12) i s 0.14, i . e . , t h e s t a r t i n g t o r q u e r a t i o of t h e shunt motor i s v e r y low and i s u s u a l l y n o t s u f f i c i e n t t o overcome t h e s t a r t i n g t o r q u e o f t h e mechanism.
f i e l d c u r r e n t a t s t a r t i n g . The armature current at starting is: 
T h i s low v a l u e i s a t t r i b u t e d by t h e low Separately Excited Motor
( 2 7 )(28)
MOTOR STARTING CURRENT AND TORQUE RATIOS WITH AN MPPT IN THE SYSTEM
By matching the solar cell array t o the motor by means o f a "maximum power point tracker" (MPPT), the motor operation can be improved. The MPPT consists of a power processing circuit, as Buck, Buck/Boost, or Boost (Ref. 9) circuits, controlled by a signal circuit unit which drives the power processing circuit such that the solar cell array operates at its maximum power point. system. The starting current and torque are increased when an MPTT is i n c l u d e d i n the system, t h e amount of which depends on t h e motor type. The increase or the m a g n i f i c a t i o n of the s t a r t i n g c u r r e n t and torque w i l l now be c a l c u l a t e d . We d e f i n e c u r r e n t and torque m a g n i f i c a t i o n f a c t o r s m I and mT by t h e r a t i o o f t h e s t a r t i n g c u r r e n t and torque w i t h an MPPT t o t h e s t a r t i n g c u r r e n t and torque w i t h o u t an MPPT, r e s p e c t i v e l y :
ISt w i t h MPPT TSt w i t h MPPT = ISt w i t h o u t MPPT ' mT Tst w i t h o u t MPPT Permanent Magnet Motor
The motor s t a r t i n g c u r r e n t w i t h o u t and w i t h an MPPT i s g i v e n by Eqs.
( 1 4 ) and (371, r e s p e c t i v e l y ; 
Since t h e motor S e r i e s E x c i t e d Motor
The s t a r t i n g c u r r e n t m a g n i f i c a t i o n (Eqs. ( 1 2 1 , (171, and ( 3 7 ) i s :
Is, sc
and s i n c e for a s e r i e s motor t h e torque i s p r o p o r t i o n a l t o the square of t h e armature c u r r e n t we have:
Shunt E x c i t e d Motor
A t s t a r t i n g , t h e e q u i v a l e n t motor r e s i s t a n c e i s RaIIRsh. The motor s t a r t i n g c u r r e n t i s g i v e n by Eq. ( 3 7 ) , i . e . ,
/ 2

I m s t = (&)
The armature c u r r e n t a t s t a r t i n g i s :
'I2 R a IIR sh I a , s t = I m , s t Ra!RSh a (&) -Ra and t h e f i e l d c u r r e n t a t s t a r t i n g i s :
The s t a r t i n g c u r r e n t m a g n i f i c a t i o n (Eq. i . e . , t h e same as f o r t h e s e r i e s motor.
S e p a r a t e l y E x c i t e d Motor
The shunt motor can o p e r a t e a s a s e p a r a t e l y e x c i t e d motor by c o n n e c t i n g t h e armature and f i e l d c i r c u i t s to separate v o l t a g e s as shown i n F i g . 5,
where t h e f i e l d c u r r e n t i s d i r e c t l y connected t o t h e a r r a y t h a t o p e r a t e s a t For the case where t h e s o l a r c e l l a r r a y i s n o t s p l i t , t h e s e p a r a t e l y e x c i t e d motor operates as a shunt e x c i t e d motor i n the system w i t h o u t an MPPT. t h i s case, t h e s t a r t i n g c u r r e n t m a g n i f i c a t i o n i s g i v e n by Eq. (50) 
I t should be noted t h a t the s t a r t i n g torque m a g n i f i c a t i o n i s v e r y h i g h s i n c e
t h e s t a r t i n g torque o f t h e shunt motor w i t h o u t an MPPT, i s v e r y low. I t i s worthwhile mentioning t h a t i n a1 these f a c t o r s are a f u n c t i o n o f .he motor parameters Vn, I n , R, and t h e s o l a r c e l l a r r a y parameters IM and Isc.
cases o f c u r r e n t and torque m a g n i f i c a t i o n s ,
CONCLUSIONS
The s t a r t i n g c u r r e n t and torque r a t i o s o f t h e permanent magnet; separately, s e r i e s , and shunt e x c i t e d dc motors powered by s o l a r c e l l a r r a y s were c a l c u l a t e d for systems w i t h and w i t h o u t a maximum-power-point-tracker. S t a r t i n g c u r r e n t m I and s t a r t i n g torque mT m a g n i f i c a t i o n f a c t o r s were d e f i n e d by t h e r a t i o o f t h e s t a r t i n g c u r r e n t and s t a r t i n g torque o f t h e motor w i t h an MPPT t o t h e corresponding values w i t h o u t an MPPT.
summarized i n Table 1 .
The r e s u l t s are
The s a l i e n t r e s u l t o f t h e study i s t h e h i g h m a g n i f i c a t i o n o f t h e s t a r t i n g torque o f t h e dc motors i n systems i n c l u d i n g MPPT's. I t a l s o shows t h a t whereas t h e s t a r t i n g c u r r e n t m a g n i f i c a t i o n of a l l motor types i s about the same, 2 . 6 4 (depending on t h e approximation), the s t a r t i n g torque m a g n i f i c a t i o n i s about t h e same, 6 . 9 4 , for t h e s e r i e s , shunt, and one o f p o s s i b l e connection o f t h e s e p a r a t e l y e x c i t e d motors; lower, 2 . 6 4 , for t h e permanent magnet motor; and v e r y h i g h , 21.96, f o r t h e o t h e r p o s s i b l e connection o f t h e s e p a r a t e l y e x c i t e d motor. The s t a r t i n g torque o f t h e shunt motor remains low even when an MMPT I s i n c l u d e d i n t h e system. The s t a r t i n g t o r a t e d torque value of t h e permanent magnet motor i s i n t h e a l l o w a b l e range, b u t t h e s t a r t i n g torque r a t i o o f t h e s e r i e s and s e p a r a t e l y e x c i t e d motor may be too h i g h f o r the d r i v e system. I n these cases the MPPT may be c o n t r o l l e d t o operate o f f t h e maximum power p o i n t t o meet t h e d e s i r e d torque.
m a g n i f i c a t i o n s were o b t a i n e d f o r l i n e a r modeling o f t h e motors.
n o n l i n e a r i t y i s considered, the above values would somewhat be lower. The a n a l y s i s presented i n t h i s paper may a s s i s t t h e PV system designer t o determine t h e s t a r t i n g c u r r e n t s and torques f o r t h e d i f f e r e n t motor types, and 
